Multizone models are widely used in building airflow and energy performance simulations because they are often suitable for the analysis needed, and due to their fast computation speed. However, the results provided by the multizone models are sometimes limited due to the underlying well-mixed assumption of the air in a zone (e.g., a room). For zones where this assumption is not suitable, a Computational Fluid Dynamics (CFD) models may be needed. This paper proposes a coupled simulation model between the multizone and CFD model, which in the paper is fast fluid dynamics, a freely available and publicly released program. The model allows the simulation of a dynamic interaction between airflow and Heating, Ventilation and Air-Conditioning (HVAC) systems for buildings with stratified airflow distribution in some of the zones. The approach is implemented using Modelica and its buildings library. In this presentation, we first discuss the design and implementation of a data synchronization strategy between the two models. We then show a possible validation of the implementation by comparing the simulated results with experimental data from previous research. Finally, we perform a case study by linking a Variable Air Volume (VAV) terminal box to space in order to evaluate the capability of the coupled simulation. Finally, further research needs are discussed at the end of the paper.
Introduction
On average, Americans spend 90% of their time indoors (Kats 2003) . Therefore, in order to maintain thermal comfort using HAVC systems, buildings consume about 41% of total energy in the US (Department of Energy 2011). However, the current indoor environment is far from satisfactory. The estimated loss of productivity due to the poor indoor environment is up to 160 billion dollars in the US (Fisk 2000) . Thus, it is critical to improve the indoor environment while decreasing the energy consumption.
To improve the design of HVAC system and indoor environment, we can use numerical simulation. On the airflow simulation, there are various models available, such as multizone models, zonal models, and CFD models (Chen 2009 ). For the HVAC simulation, there are some conventional building performance simulation programs such as EnergyPlus (Crawley et al. 2001) , ESP-r (Strachan et al. 2008) , IDA Indoor Climate and Energy (IDA ICE) (Kropf and Zweifel 2001) , TRYNSYS (Klein et al. 1976) , and some advanced techniques such as Modelica-based modeling (Wetter 2009 ).
Multizone models are widely used in building energy performance simulation programs to save computation time. By asserting that the air is suitably well mixed in a zone, a multizone model solves the mass balance equation and energy balance equation in a significantly faster fashion, compared to the speed of the CFD models (Chen 2009 ). However, the underlying well-mixed air assumptions for multizone models may be invalid if, for example, the air in the room is stratified. In this case, the multizone models may calculate incorrect results (Wang and Chen 2008) .
To model a multiple air distribution type zone building, Wang (Wang 2007) proposed dynamic coupling between CFD and multizone models. As a result, the multizone models are adopted for zones with well-mixed air distribution and CFD model is used for zones with stratified air distribution. At the synchronization time, data is exchanged between the CFD and multizone models. The data exchange is performed iteratively to ensure a fully-converged solution. To achieve convergence and stability, Wang and Chen (2005) recommended transferring pressure data from multizone models to CFD while simultaneously giving airflow rates from CFD to multizone models. While significant, however, their work only focused on the airflow movement and did not demonstrate their approach for buildings that included HVAC systems, and with HVAC controls.
To model the control and distribution of airflow movement in a building with multiple zones, it is necessary to integrate the HVAC system modeling, multizone model, and CFD model. In previous work, multizone models were implemented in Modelica (Wetter 2006a) . Similar models are also implemented in the Modelica Buildings library which can link to the HVAC system model to study the (Bonvini et al. 2014) and VEPZO (Norrefeldt et al. 2012) . Moreover, a externally coupled simulation model between CFD model for airflow, HVAC, building envelopes and control was implemented in the Modelica Buildings library to enable the study of their dynamic interactions (Zuo et al. 2016) . The coupled simulation model was then validated and used to study a case with stratified non-isothermal airflows with an idealized constant air volume system. The results demonstrated that the model is capable of capturing the dynamics of the system.
Based on the previous efforts, this paper implements the coupled simulation of CFD and multizone models in Modelica to study the interaction between airflow movement and HVAC system. This paper first discusses the data synchronization strategy used in the implementation. Then it focuses on the validation by using a case with well-controlled boundary conditions. Finally, a more complex case stemmed from research (Wang 2007 ) was used to further evaluate the capability of the coupled simulation.
Methodologies
A quasi-dynamic data synchronization strategy (Zhai et al. 2002; Tian and Zuo 2013 ) is used for the coupled simulation. As shown in Figure 1 , CFD and multizone models exchange data at a given data synchronization point and then run on their own till the next point . The exchange of information is dependent on different scenarios. Note that CFD models have a constant time step size and multizone models programmed in Modelica uses an adaptive time step size. Figure 2 , we present a simplified physical representation of the data exchange strategy. In this scenario, Zone 1 is simulated by CFD as a nonuniform momentum distribution formed by the inlet directly facing one of the outlets. The mass flow rate and temperature at the inlet of the CFD zone are already known. CFD models feed the mass flow rates and temperature values at two outlets, which are the averages for time and area, to the multizone modeled zones, namely, Zone 2 and Zone 3. Figure 2 . Sketch of the case on which data exchange was implemented Note that in this simplified data synchronization scheme there is no pressure information exchanged mutually between two programs. After receiving the mass flow rate at openings to from the CFD models, the multizone models can then determine the pressure at zones and mass flow rates at the openings using the equation introduced in the next section.
Mathematical Description of Multizone model and FFD
FFD solves the Navier-Stokes equations: 1
where and are the velocity component in and directions, respectively, is the kinematic viscosity, is the fluid density, is the pressure, is the time, and is the source term, such as the buoyancy force. FFD splits the Navier-Stokes equation into the following three equations:
FFD first solves the advection equation (2) using a semiLagrangian method (Courant et al. 1952) . It then solves the diffusion equation (3) with an implicit scheme. Finally, it solves the pressure equation (4) together with the continuity equation
using a projection-correction method (Chorin 1967) . FFD also applies a similar algorithm to solve the conservation equations of energy and species. The detailed implementation of sequential FFD model can
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be found in (Zuo and Chen 2009; Jin et al. 2012) . One can also refer to the parallelized FFD model by CUDA and OpenCL in these literature (Zuo and Chen 2010; Yang 2013; . Typical multizone models, for example, CONTAMW, use the power law to calculate the mass flow rate from zone to zone (Dols and Walton 2002) . In Modelica Buildings library, the is defined as follows (Wetter 2006b ):
where is the discharge coefficient normally ranging between 0.6 to 0.75; is the area size of the opening; is the density of the air; is constant, which is 0.5 for large openings. Δ is the pressure difference consisting of total pressure difference , pressure difference due to wind Δ , and pressure difference due to density and elevation difference Δ (Wang and Chen 2007) .
Since Modelica is an equation-based, object-oriented modeling language (Fritzson 1998) , the sign of can be automatically determined based on the pressure in two zones. Thus, we can write the mass conservation for zone as: (7) where is the mass at zone ; is number of surrounding neighbours to zone ; is the air mass source in the zone . Since the flow in buildings is typically incompressible, we can assume that is not changing with the time. Once the boundary conditions are applied, the pressure at each zone and mass flow rate between neighboring zones can be uniquely determined.
Model Implementation
The key obstacle to the implementation is to realize the extraction of the flow rates and the value of the scalar variables at the outlets from CFD and to feed them to the multizone model. To overcome the problem, we put virtual sensors at the outlets to obtain the necessary information. For detailed information of the CFD model in the Modelica Buildings library, please refer to previous research . Figure 3 shows the detailed implementation. The CFD zone is modeled using the CFD model in the Modelica Buildings library. Three real inputs for radiative heat gain, convective heat gain, and latent heat gain, are connected to the CFD model. At the lower part of the figure, there are fluid and heat ports connected to the CFD model as boundary conditions. Note that the CFD model will calculate the mass flow rates at all ports using the mass balance law and the CFD program will assign the tag of inlet or outlet to the ports based on the sign of the mass flow rate. On the right side of the figure, the mass flow rates and temperature at the outlets from CFD were given to the prescribed fluid mover through the first order delay model. The delay model is used to mimic reality by making the mass flow rate increase gradually.
Figure 3. Diagram of Modelica model for coupling
In this paper, we chose Fast Fluid Dynamics (FFD), as an intermediate model between multizone and CFD models, due to its fast computation speed. By sacrificing some accuracy the FFD method is shown to be about 50 times faster than CFD programs if running on the CPU (Zuo and Chen 2009) . By taking advantage of the GPU, the FFD program can gain another 30 times computation acceleration, which will be added up to achieve 1500 times faster than CFD program running on CPU (Zuo and Chen 2010).
Case Study

Isothermal with non-uniform momentum distribution
We used one of the three experiments conducted by Wang and Chen (2009) to validate the coupled simulation model. As shown in Figure 4 , space consists of four zones. Zone 1, which has one inlet and two outlets, is simulated by FFD, due to the non-uniform momentum distribution as the inlet is directly facing opening 1. Other zones were simulated using multizone models. Figure 5 shows the Modelica representation of the validation case. A prescribed fluid mover was connected to the CFD zone (Zone 1) to provide the inlet boundary conditions for the FFD program. Other zones were simulated by the multizone models, namely, MixingVolume. The openings were simulated by Orifice, which nonlinearly correlates the mass flow rates with a pressure difference between zones. The radiative heat gain, the convective heat gain, and the latent heat gain inside CFD_Zone model are all set to zero. The inlet mass flow rate is changing at 0.033, 0.053, 0.105, 0.14, and 0.215 m 3 /s. Since this experiment is essentially isothermal, we set the inlet temperature, the temperature at all walls of Zone 1 and initial temperature at fluid cells as 10 . The data synchronization time step is set up to 5 s. The simulation span is 100 s and the Radau solver is used. The residual is regulated to be below 1E-6.
FFD uses a mesh of 34 × 12 × 18. The time step size for the former two mass flow rates is 0.1 s and for others is 0.05 s. To simulate the turbulence introduced by the high-velocity jet, we employed the zero equation model proposed by Chen and Xu (1998) . Figure 6 shows the mass flow rates ratio at opening 1 and opening 2 in Zone 1. Our simulated results have good agreement with the experiment when the inlet mass flow rate is generally larger. Due to the fact that there is considerable numerical viscosity (can be acted as turbulence viscosity) in the FFD model as a result of the solution method, we tuned the coefficients of the zero equation turbulence model. 
Multizone airflow with a VAV terminal box
In a validation effort, we demonstrate that the coupled simulation model can study the airflow distribution for space with a non-uniform momentum distribution. After adding a VAV terminal box to the validation case, the case study aimed to investigate the control of room temperature for Zone 1, as shown in Figure 7 . To increase the efficiency of temperature control, we increased the length of the inlet (in the X direction) by 0.53 m, in order to insert more air from the terminal box in the room.
Here we modeled the heat transfer and radiative heat transfer through and between the envelopes in Zone 1 in Modelica. The exterior surface temperature for floor and other walls are 25 and 27 , respectively. The initial temperature of the space is 30 . The objective is to sustain 25 temperature for occupant zone of Zone 1, which is in the lower half part, by adjusting the VAV terminal box. constant. Thus, we set the pressure of the cold air source as 20 Pa. The temperature of the cold air source is constant as 16 . The opening of the valve in the cold air loop is adjustable and reheat coil can be turned on by opening the valve in the hot water loop. A controller is implemented to coordinate the opening position of the valve in cold air and hot water loop.
Figure 8. VAV terminal box
As shown in Figure 9 , we implemented a pressuredependent control logic (Liu et al. 2012) . The occupant zone temperature signal is first sent to adjust the valve position in the cooling air loop, which is at the lower part of the figure. If the valve opening decreases to 30%, which is deemed as the lower limit, then, the reheat coil will be turned on by feeding the opening position signal to the valve of the reheat coil. The control of the reheat coil is shown in the upper part of the figure. To avoid the short cycling of the reheat coil, we added to the controller a hysteresis, which has lower bound of 0.3 and higher bound of 0.4. Figure 12 , the dynamic response of the VAV terminal box and indoor environment is shown. In the beginning, as shown in Figure 10 , the room temperature is initially higher than the set point (25 ), the opening ratio of the valve in the cold air loop is decreasing from 1.0 to 0.3 as shown in Figure 11 . The mass flow rate of the supply air as shown in Figure 12 then drops from 0.120 kg/s to 0.044 kg/s. Since the reheat coil does not turn on, the supply air temperature remains constant as 16 , as shown in Figure 13 .
At around 60 seconds, when the opening ratio of the valve in the cold air loop reaches 30%, and the room temperature is lower than the set point (Figure 10 ), the reheat coil is turned on. Then, the room temperature is increased and meets the set point at around 160 seconds. Since the room temperature is lower than the set point at this period (60-160 seconds), the opening ratio of the valve in cold air loop remains a minimum of 30% and the opening of the valve in reheat coil first climbs up and then drops, as shown in Figure 11 . As a result, the mass flow rate of the supply air remains constant at 0.044 kg/s (Figure 12 ). Consequently, one can see in Figure 13 that the supply air temperature first increases to a maximum of 25.4 and then gradually drops to 23.0 , along with the change of opening of the valve in reheat coil.
From 160 to 225 seconds, the room temperature is higher than the set point and their difference is decreasing ( Figure 10 ). As the difference changes, the opening of the valve in the cold air loop increases from 0.3 to 0.4 kg/s. Though the room temperature is higher than set point, due to the hysteresis embedded in the controller, the reheat coil is still on with a small opening (Figure 11) . Thus, the supply air temperature is higher than 16 and generally decreasing with the valve opening becoming smaller ( Figure 13) .
After approximately 225 seconds, the room temperature is approaching the set point (Figure 10 ). At end of the simulation (15 min), the difference between room temperature and the set point is marginal. Since the room temperature is higher than set point and the opening of the valve in cold air loop is larger than 0.4, the reheat coil is turned off (Figure 11 ) and supply air temperature is 16 (Figure 13 ). Note that we presented the mass flow rate of supply air and at different openings in the space in Figure 12 . We can clearly identify the mass flow rate difference at Opening 1 and Opening 2, which would be ignored if a multizone model is used. Due to the mass conservation law, the mass flow rate at Opening 1 and Opening 3 are equal, and the same rule applies to Opening 2 and Opening 4. Figure 13 shows the temperature of supply air and other zones. As the room temperature in Zone 1 approaches set point of 25 ℃, the temperature at Zone 3 and Zone 4 gets close to the set point with an error of 1.0 ℃. However, in the Zone 2, the temperature is 21.7 ℃, which is as expected, because part of the cold supply air in Zone 1 is directly injected into Zone 2 as opening 1 is facing to the inlet of Zone 2.
Conclusion and Discussion
The results shown in the validation case prove that the coupled simulation is capable of handling the airflow simulation in a multi-zone space with non-uniform momentum distribution. By further adding a VAV terminal box to the validation case, the coupled simulation model further demonstrates its application potential in indoor climate control and its capability to capture the dynamics of the building system as well as the indoor environment. In the future, more case studies need to be performed to holistically assess the coupled simulation model such as contaminant control and fire or smoke control. Moreover, the FFD simulation can be performed in parallel or a reduced order model such as in situ adaptive tabulation Tian, Sevilla, Li, et al. 2017) can be further used to accelerate the computation speed. Coupled Simulation between CFD and Multizone Models Based on Modelica Buildings Library to Study Indoor Environment Control
